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Introduction
The global economy and modern society are heavily dependent on a stable price and supply of oil. Currently, most transportation fuel is of fossil origin and its continuous use is thus not sustainable. The unstable prices of fossil fuels and the vulnerability of the global economy to disruption of oil supplies are other factors, which make it evident that the demand for alternative fuels will continue to increase. Ethanol (EtOH) can play an important role in this context as a gasoline additive or substitute. [1] [2] [3] Catalytic conversion of syngas (CO/H 2 mixture) to EtOH is an attractive option due to its flexibility with respect to feedstock and potentially high energy efficiency. A number of catalysts for direct conversion of syngas to EtOH have been investigated, but their activity and selectivity towards EtOH are relatively low. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Recently, an alternative, two-stage process was demonstrated wherein dimethyl ether (DME), which can be formed efficiently and selectively from syngas via methanol (MeOH), reacts with CO by carbonylation to form methyl acetate (MA). [15] [16] [17] MA is then in a subsequent step hydrogenated to EtOH and MeOH. The main advantage of this indirect process is its unprecedented selectivity towards EtOH, while MeOH, the main by-product, and the unreacted syngas are easily recycled. The challenge that needs to be solved before this process can find industrial application is to increase the activity and stability of the catalyst for MA synthesis. 18 The subsequent hydrogenation of MA to MeOH and EtOH is facile. A number of acidic zeolites are selective catalysts for DME carbonylation and mordenite has the highest activity. [19] [20] [21] However, the zeolite catalysts suffer from rapid deactivation due to build-up of coke and large carbonaceous species within the zeolite pores. [21] [22] [23] [24] [25] The framework of mordenite contains two types of cavities: eightmembered ring (8-MR) side pockets and 12-MR main channels. It has been reported that MA synthesis takes place in the 8-MR, 26, 27 whereas the 12-MR have been suggested to be responsible for the coke formation that leads to catalyst deactivation. 22, 25 During the initial phase of DME carbonylation, DME reacts with the Brønsted sites of the zeolite forming surface methyl groups and water [eqn (1) and (2) 
These reactions, in which the Brønsted acid sites are methylated, give rise to an induction period, in which the coverage of methyl groups is building up, and steady-state is reached when the zeolite is fully methylated. The steady-state phase involves the reaction of CO with the methyl groups, forming surface acetyl species, which in turn react with DME, to produce MA and regenerate the methyl groups [eqn (3) and (4) (4) Previous experimental studies have shown that formation of the acetyl species [eqn (3) ] is the rate-limiting reaction step; the subsequent reaction between DME and acetyl is comparatively fast. 19, 20 Also, the reaction kinetics were studied at differential conditions for pressures up to 12 bar, and the reaction was observed to be 1st order in CO and 0th order in DME. 19, 20 The previous theoretical studies employing cluster models showed that the reaction of CO with methyl groups is faster in the side pockets than in the main channel, in good agreement with the experimental results. However, it remains to be demonstrated that the reaction of DME with acetyl [eqn (4)] in the side pockets is faster than the reaction of CO with methyl [eqn (3)]. 28, 29 This is necessary to complete a theoretical explanation of the experimentally observed preference for carbonylation in the 8-MR.
In this study, we investigate the induction and the steady-state phase of DME carbonylation over mordenite in the main channel and in the side pockets, using periodic DFT calculations including the dispersion forces. Additionally, we study the reaction kinetics at high pressures, between 10 and 100 bar, DME concentrations in CO between 0.2 and 2.0%, and at a temperature of 438 K. The insights obtained from the theoretical and experimental studies are then used to develop a kinetic model describing the DME carbonylation.
Methods

DFT calculations
All DFT calculations in this study were performed, using the grid-based, projector augmented wave, DFT program GPAW 30, 31 and the ASE program package. 32 Periodic boundary conditions were used for all systems except the molecules in vacuum. A grid spacing of less than 0.18 Å was used for all calculations unless otherwise stated. The reciprocal space was sampled by a (1,1,2)-mesh of Monkhorst-Pack k-points. 33 The convergence criteria for the integral of the absolute density change and the integral of the square of the residuals of the Kohn-Sham equations in the self-consistent field were 1.0 × 10 −5 electrons and 1.0 × 10 −9 eV 2 per electron, respectively. The exchange-correlation energy and potential were calculated within the generalized gradient approximation with the BEEF-vdW functional. 34 The electronic temperatures of 0.1 and 0.0 eV were used for the periodic and non-periodic calculations, respectively.
The unit cell parameters of silicate mordenite were calculated by energy minimization of the optimized structures with respect to the unit cell parameters. These calculations employed a grid spacing of 0.10 Å. The calculated unit cell parameters (a = 18.323 Å, b = 20.795 Å, c = 7.626 Å) compare very well with the experimental values (a = 18.094 Å, b = 20.516 Å, c = 7.542 Å). 35 The framework of mordenite contains 2 types of cavities: 1) eight-membered ring (8-MR) side pockets, parallel to the b axis and 2) 12-MR main channels, parallel to the a axis. The acidic form of mordenite was created by replacing a single Si atom in the silicate unit cell with Al. The unit cell parameters of silicate mordenite were used in all calculations.
The calculations involving molecules in vacuum employed supercells with a vacuum layer of 5.0 Å around the molecule. All systems were optimized using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. [36] [37] [38] [39] The localization of the transition states and the calculation of the energy barriers were performed using the climbing-image nudged elastic band method. 40 The minimum energy paths were relaxed using the fast inertial relaxation engine (FIRE) and the saddle points were verified by vibrational frequency analysis using a displacement of 0.02 Å. 41 The structures and reaction paths were optimized until the residual force, acting on the atoms, was below 0.03 eV Å −1 . The Gibbs free energies are calculated using standard formulas from statistical thermodynamics and assuming harmonic limit for entropy calculations (see Table 5 in Appendix C for the frequencies used for the calculations). 42 
Experimental details
Mordenite (SiO 2 /Al 2 O 3 = 20) was obtained from Zeolyst (CBV21A) and all Al sites (1.43 × 10 −3 (mol Al) g −1 ) were used for calculation of the turnover frequencies. The initial ammonium form was converted to the acidic form by heating it at 773 K for 3 h (heating rate 1 K min −1 ) in a flow of dry air. Before the experiments the catalyst (0.15-1.50 g, 125-250 μm) was calcined in the reactor at 773 K in a flow (200 N ml min −1 g −1 ) of 10 vol% O 2 in N 2 for 3 h (heating rate 1 K min −1 ) and cooled to the reaction temperature. The experiments were conducted in a high-pressure, fixed-bed flow reactor in which the catalyst was loaded in a quartz tube (OD 10 mm, ID 8 mm) inside a pressure shell. 12 The carbonylation reaction was performed using 2 vol% DME in CO (AGA) diluted to the required DME concentration with CO (AGA), at a flow of 300 Nml min −1 and 438 K. The reactor effluent was transferred by heated lines to a mass spectrometer (Hiden Analytical QGA) and to a gas chromatograph (Agilent Technologies, model 6890N) equipped with a DB1 column connected to flame-ionization detector and a Porapak N column, followed by a 13× Molesieve column, connected to a thermal conductivity detector.
Results and discussion
DFT study of the reaction path
There are 4 nonequivalent tetrahedral sites in the unit cell of mordenite: T1 in the 12-MR, T2 and T4 at the intersection between the 12-MR and 8-MR, and T3 in the 8-MR. Because only the T1 and T3 sites are located solely within the 12-MR or 8-MR, respectively, they are considered representative of the main channel and the side pocket. Consequently, all DFT calculations in this study are only performed on the T1 and T3 sites. Table 1 shows the calculated energies of the protons and methyl groups on the T1 and T3 sites of mordenite, which are a measure of their stability. The optimized structures of the methyl groups are shown in Fig. 1 .
The protons are almost equally stable on the T1 sites with T1-O4 being only 0.03 eV more energetically favorable than T1-O1. On the T3 sites the preferred adsorption site is clearly T3-O3, which is more stable than T3-O8 (0.19 eV) and T3-O9 (0.17 eV). A similar trend in adsorption strength is observed for methyl groups: T1-O4 and T3-O3 are the favored adsorption sites, more stable than the other sites by at least 0.12 eV.
During the induction phase of the MA synthesis, the Brønsted acid sites react with DME and MeOH, and are, as a result, substituted with methyl groups. Molecules which adsorb on the Brønsted acid sites more strongly than DME or MeOH, without being decomposed, can potentially inhibit the initiation phase. To investigate this effect, we have calculated the adsorption energies of the molecules typically found in the effluent gas during DME carbonylation, on the Brønsted acid sites on T1-O4 and T3-O3 ( Table 2 ). The adsorption energies of ammonia are also included, as they give a measure of the acidity of the proton. The optimized structures of the adsorbed molecules are shown in Fig. 2 .
Ammonia is, as expected from its basic nature, the molecule that adsorbs most strongly on the Brønsted acid sites (as an ammonium cation) and it is 0.10 eV more stable on T3-O3 than on T1-O4. This result shows that the proton is more acidic in the side pocket than in the main channel, which is in good agreement with the experimental results. 26, 43, 44 The other molecules adsorb in geometries where the oxygen atom in the molecule forms a hydrogen bond with the acidic proton and the molecule is oriented in a manner that leads to additional, weaker, hydrogen bonds between the hydrogen atoms in the molecule and the oxygen atoms in the mordenite framework. AcOH (acetic acid) and MA always adsorb most strongly through the oxygen atom in the carbonyl group. In the main channel, MA and AcOH adsorb more strongly than DME (by 0.14 or 0.07 eV) and MeOH (by 0.23 or 0.16 eV), so both species (especially MA) can potentially inhibit the initiation phase through blockage of the Brønsted acid sites. In the side pocket, MA adsorbs with a similar strength as DME (0.02 eV difference), but weaker than MeOH (0.08 eV). Consequently, MA may inhibit the formation of methyl groups from DME in the side pocket; the inhibition of the path starting from MeOH will likely be less severe. The adsorption energy of AcOH in the side pocket is lower than that of DME and MeOH by 0.09 and 0.19 eV, respectively. AcOH is therefore less likely than MA to inhibit the formation of methyl groups from DME; the formation of methyl groups from MeOH is not expected to be affected. Water is the molecule that adsorbs least strongly and should therefore not be able to block the Brønsted acid sites. However, we have only investigated single-molecule adsorption, and clusters of water molecules may be significantly more stable. This Table 1 Calculated energy of the protons and methyl groups in the main channel on the T1 site and in the side pocket on the T3 site of mordenite. The energies are relative to the most stable proton or methyl group on the same site 
effect would be especially important in the side pockets, which have been shown experimentally to be the preferential location of water clusters. 45 To investigate the reaction path for MA synthesis, we have calculated the activation and reaction energies for the reactions [eqn (1) to (4)], as shown in Table 3 . During the induction period the formation of the methyl groups in the main channel is faster from MeOH than from DME (0.07 eV lower energy barrier), whereas both paths are equally active in the side pocket (0.01 eV difference in activation energies). The energy barriers for the reactions of DME and MeOH with a Brønsted acid site are lower in the side pocket than in the main channel by 0.25 and 0.17 eV, respectively, showing that the initiation reactions are significantly faster in the side pocket. Both DME and MeOH are protonated on the oxygen atom during the reaction with the acid proton and the transition states involve a transfer of a methyl group from the protonated intermediate to the zeolite (Fig. 3 ). The initiation phase of the MA synthesis ends when all Brønsted acid sites have reacted to methyl groups.
In the further reaction towards MA, a methyl group reacts with CO to form an acetyl carbocation, CH 3 CO + (Fig. 4 ). This is the rate-limiting reaction step and the energy barrier for it is 0.06 eV lower in the side pocket than in the main channel. The optimized geometries of the reaction steps and transition states are shown in Fig. 5 (T1-O4) and Fig. 6 (T3-O3). Next, the acetyl carbocation is restructured to acetyl with a very low energy barrier (T1-O4: 0.02 eV, T3-O3: 0.01 eV). As we reported in a recent study, the acetyl carbocation can alternatively react to ketene with higher activation energies (T1-O4: 0.09 eV, T3-O3: 0.12 eV), and the experimental Fig. 2 The optimized structures of the molecules typically found in the effluent gas during DME carbonylation on the Brønsted acid sites within the 12-MR on T1-O4 and the 8-MR on T3-O3 on mordenite. N dark blue, other colors as described in Fig. 1 . Table 3 Calculated activation E act and reaction ΔE energies (eV) for reactions [eqn (1) to (4)] within the 12-MR on T1-O4 and the 8-MR on T3-O3 on mordenite observation of ketene supported the theoretical model. 46 Ketene is then restructured to acetylthe energy barriers for this step are (not shown in Table 3 ) 0.18 eV on T1-O4 and 0.12 eV on T3-O3. The surface acetyl reacts with DME, forming a cationic CH 3 -MA + complex, which subsequently decomposes to MA in the gas phase leaving a methyl group on the zeolite. The formation of the CH 3 -MA + complex occurs with no energy barrier in the main channel. The activation energy for this step is 0.24 eV in the side pockets. The transfer of the methyl group from the CH 3 -MA + complex to the zeolite proceeds with higher energy barriers (T1-O4: 0.58 eV, T3-O3: 0.88 eV) than the formation of the complex (T1-O4: 0.00 eV, T3-O3: 0.24 eV). Under realistic experimental conditions some MeOH is always present in the system (due to traces of water in the feed and/or due to water formation from coke deposition) and for this reason we have also investigated the reaction between MeOH and the surface acetyl groups. This reaction occurs with no energy barrier in the main channel and with a very low (0.02 eV) energy barrier in the side pocket. This result shows that if MeOH is present in the system it will react very rapidly with the acetyl groups (much faster than DME), forming MA and a Brønsted acid site.
Two other reactions, which may play a role during DME carbonylation over mordenite, are the formation of trimethyloxonium (TMO) species and AcOH. The energy barriers for the reaction of methyl groups with DME are 0.36 and 0.70 eV on T1-O4 and T3-O3, respectivelymuch lower than for the reactions of methyl groups with CO (T1-O4: 1.09 eV, T3-O3: 1.03 eV). Thus, TMO is formed much faster than acetyl carbocations (which react to acetyl). However, unlike acetyl, TMO is not very stablethe formation energies on T1-O4 and T3-O3 are −0.03 and −0.09 eV, respectively. Consequently, TMO is probably not sufficiently stable to block the T1-O4 and T3-O3 sites, unless it rapidly reacts further to other, more stable species, such as hydrocarbons. This hypothesis is supported by the 0th order DME dependence observed in kinetic studies. 19, 20 The energy barriers for the Fig. 4 Reaction paths for formation of MA within the 12-MR on T1-O4 and the 8-MR on T3-O3 on mordenite. Reaction steps: 0: CO and DME in vacuum, methyl group on the zeolite; 1: acetyl carbocation, DME in vacuum and negatively charged zeolite; 2: acetyl group on zeolite, DME in vacuum; 3: CH 3 -MA cation and negatively charged zeolite; 4: MA in vacuum, methyl group on zeolite. Full line: reaction steps in the main channel (T1-O4); dotted line: reaction steps in the side pocket (T3-O3).
Fig. 5
The optimized structures of the reaction intermediates and transition states for formation of MA within the 12-MR on T1-O4 on mordenite. Reaction steps: 0: CO and DME in vacuum, methyl group on the zeolite; 1: acetyl carbocation, DME in vacuum and negatively charged zeolite; 2: acetyl group on zeolite, DME in vacuum; 3: CH 3 -MA cation and negatively charged zeolite; 4: MA in vacuum, methyl group on zeolite. reaction of acetyl with water (T1-O4: 0.06 eV, T3-O3: 0.20 eV) are lower than for the reaction with DME (T1-O4: 0.58 eV, T3-O3: 0.88 eV). This result shows that if any water is present in the system, acetic acid will be the main product instead of MA.
Our DFT calculations show that the attack of CO on a methyl group, the rate-limiting reaction step, is more facile in the side pocket than in the main channel (the 0.06 eV difference in barriers translates into a factor of about 5 on the rates at 438 K). This is in good agreement with previous experimental and theoretical studies. [26] [27] [28] [29] Also, we see that the energy difference of 0.06 eV in barriers, compares very well with adsorption energy of ammonia being 0.10 eV larger in the side pocket than in the main channel. This is in agreement with the proposal that the adsorption energy of ammonia is a good reactivity descriptor in solid acid catalysis. [47] [48] [49] Additionally, we show that the reaction of DME with acetyl is significantly faster than the attack of CO on a methyl group, both in the main channel and the side pocket, which is in good agreement with the experimental results. 19, 20 In an earlier DFT study, 29 it was shown that the reaction between acetyl and DME does not occur in a number of geometries, where one of the species is in the side pocket and the other in the 8-MR channel below the side pocket. In our study, we present a reaction path, in which acetyl is formed from a methyl group on the T3-O3 site (Fig. 6 )this results in an adsorption geometry of acetyl that enables it to react with DME within the side pocket. This new reaction path occurs with significantly lower activation energy than the paths investigated in the previous theoretical studies (1.0 eV vs. 2.2 eV). 29 Additionally, the reaction path presented here occurs preferentially entirely inside the 8-MR side pocket facilitated by the stronger acid sites located there (such as T3-O3) and thus offers a possible explanation of the experimentally observed 26 importance of the sites in the 8-MR.
Experimental study of the reaction path
The DFT study of the reaction mechanism (section 3.1) has shown that the carbonylation of the surface methyl groups is the rate-limiting reaction step and the reaction rate is higher in the side pockets; the subsequent reaction of the formed surface acetyl with DME is comparatively fast. Additionally, the theoretical studies also suggested that MA can potentially block the Brønsted acid sites in the main channel, and to a lesser extent in the side pockets. To supplement the theoretical results we have also conducted experimental studies of the carbonylation reaction with the aim of investigating, if there are phenomena not accounted for by our theoretical model. Fig. 7 shows the rate of MA synthesis at a fixed total pressure of 10 bar and various DME concentrations in CO. The reaction rate is constant (0.68 mol (mol Al) −1 h −1 ) for DME concentrations between 0.5 vol% (33% DME conversion) and 2 vol% (9% DME conversion). These results show that the rate of MA synthesis does not depend on the DME pressure even at a value as low as 0.0335 bar (outlet pressure with 0.5 vol% DME in feed). This is in good agreement with the theoretical study as eqn (3) (which does not involve DME) is found to be rate limiting and with previous experimental studies 19, 20 reporting a 0th order dependence on DME. At the lowest DME concentration of 0.15 vol% (85% DME conversion) the reaction rate decreases by 19% to a value of 0.55 mol (mol Al) −1 h −1 . At this high DME conversion, the DME pressure becomes very low towards the end of the catalyst bed (0.00225 bar), and eqn (4) begins to exert a limitation on Fig. 6 The optimized structures of the reaction intermediates and transition states for formation of MA within the 8-MR on T3-O3 on mordenite. Reaction steps: 0: CO and DME in vacuum, methyl group on the zeolite; 1: acetyl carbocation, DME in vacuum and negatively charged zeolite; 2: acetyl group on zeolite, DME in vacuum; 3: CH 3 -MA cation and negatively charged zeolite; 4: MA in vacuum, methyl group on zeolite. the rate. Under these conditions, the rate of MA synthesis begins to show a dependence on the DME pressure.
For a fixed composition of the reaction mixture (2 vol% DME in CO), the rate of MA synthesis increases with increasing total pressure ( Fig. 8 ). However, the relationship is not linear as would be expected from the kinetics proposed in the literature. 19, 20 The measured reaction rates should lie on a straight line as the reaction is first order in the CO pressure and does not depend on the DME pressure under these conditions. Also, it has been confirmed that the measured reaction rates were not limited by diffusion (Appendix A). A possible explanation is the existence of product inhibition by formed MA, which was found theoretically to bind strongly at Brønsted acid sites ( Table 2) . To test this we performed two experiments with a reduced catalyst amount (and hence lower product concentration). In the experiment performed at 10 bar and 1 vol% DME in CO (Fig. 7) , the catalyst mass was decreased to 1/3 but the TOF per Al atom remained unchanged (<3% change) indicating no product inhibition at this pressure. In the experiment at 100 bar and 2 vol% DME in CO (Fig. 8 ) the catalyst mass was decreased to 1/10 whereby the TOF per Al atom increased by 39% indicating product inhibition at this pressure. These results indicate that MA synthesis is inhibited by the reaction product if the partial pressure of MA is sufficiently high. Further support for this can be found in Fig. 9 , which shows how the deviation from the 1st order behavior expected on the basis of measurements of the rate at differential conditions correlates with the average MA pressure in the catalyst bed. 19, 20 To further examine the nature of the MA inhibition, we performed an experiment at 100 bar in which the concentration of DME in CO was reduced from 2 to 1 vol% (Fig. 8) . Despite the reduction of the DME pressure in the system, the reaction rate remained the same showing that MA does not react with acetyl; a reaction, in which MA would compete with DME and the reaction rate would depend on the DME pressure. Thus, it seems likely that MA suppresses the reaction by blocking the methyl groups.
Our DFT model shows (Fig. 4 ) that the formation of the cationic CH 3 -MA complexes from a methyl group and a MA molecule in vacuum is endothermic both in the main channel (0.24 eV) and in the side pocket (0.48 eV). Consequently, the CH 3 -MA species are not very stable and cannot explain the detrimental effect of MA on the reaction rate. However, MA binds to protonated sites with sufficient strength to inhibit methylation ( Table 2) , and this may lead to hampering of re-methylation at sites where water (from e.g. coke formation) has restored the protonated site. MA at such sites close to the opening of the 8-MR could also block access to the side pockets, rendering the methyl groups inside inactive. Currently, the exact nature of the inhibition remains equivocal, but, as discussed above, likely involves MA sterically hindering the attack of CO on the methyl groups in the side pockets.
Interestingly, it appears from results in the patent literature that this blockage effect also hampers the reactions leading to deactivation (primarily carbon deposition) of the zeolite and can be used to extend the life of the catalyst. 50 
Kinetic model of the steady-state reaction phase
To describe the state of the catalyst under experimental conditions in steady-state (after the initiation phase), we have developed a kinetic model based on the experimental data in section 3.2 (see Appendix B for the definition of the steadystate). Our DFT calculations show that the activation energies for the carbonylation of the methyl groups are significantly lower than the energy barriers for the reverse reaction (>0.9 eV difference, Table 3 ). Consequently, we assume an irreversible reaction of CO with a methyl group, in which acetyl is formed [eqn (5) ]. The irreversibility of the reaction of CO with a methyl group has also been shown experimentally in previous studies. 19, 20 
The methyl group can be blocked by MA in a quasiequilibrated reaction forming an inactive complex, here denoted C:
Acetyl reacts with DME, in a quasi-equilibrated reaction, forming MA and regenerating the methyl group:
The elementary reactions [eqn (5) to (7) ], the quasiequilibrium assumption for the reactions [eqn (6) and (7)], and a steady-state assumption lead to the following expressions for coverage of the surface species:
and the rate expression for the MA synthesis rate:
The rate expression [eqn (11) ] shows that the reaction rate is first order with respect to the pressure of CO. The first term describing the MA inhibition is proportional to the MA pressure and the equilibrium constant for reaction [eqn (6) ]. The second MA-inhibition term is proportional to the MA pressure and inversely proportional to the DME pressure. Thus, it will become prominent at high MA pressures and high ratios; which is the case at high DME conversions.
We determine the parameters k 1 , K 2 , and K 3 in the kinetic model by modeling the catalyst system as a plug flow reactor, assuming no pressure drop in the catalyst bed, with the design equation: (12) where F DME_0 is the molar flow of DME at the reactor inlet, X is the conversion of DME at the reactor outlet, r DME is the rate of DME consumption, which equal the rate of MA synthesis (r MA ), and W is the mass of the catalyst. The parameters in the kinetic model are determined by fitting eqn (12) to the experimental data using non-linear least squares regression, see Table 4 . Fig. 7 and 8 show the rates of MA synthesis and the conversion degrees of DME, as measured experimentally and as calculated using the kinetic model. As seen in Fig. 7 and 8 the developed kinetic model provides a good description of the experimental data.
To obtain information on the state of the catalyst surface under experimental conditions we have calculated the coverage of the surface species as a function of the catalyst mass passed on the way through the bed in a plug flow reactor at 10 and 100 bar (Fig. 10 ). This is done using the kinetic model for a feed composition of 2 vol% DME in CO. At the total pressure of 10 bar, methyl, acetyl, and CH 3 -MA cover 87, 5 and 8% of the catalyst surface, respectively, at the reactor outlet, thus showing that methyl groups are the most abundant surface intermediate. The CH 3 -MA complexes, which block the methyl groups that are necessary for further reactions, cover only 8% of the surface, reflecting a very limited MA inhibition at these conditions. At the high pressure of 100 bar, the surface coverages of methyl, acetyl, and CH 3 -MA are 21, 7, and 72%, respectively, at the reactor outlet, and the CH 3 -MA coverage quickly grows to approximately 50% after about 1/6 of the catalyst mass. This result shows that under these conditions, the majority of the methyl groups is blocked as inactive CH 3 -MA complexes and is not available for the reaction with CO. The surface coverage of acetyl is low (7%); however, it is 28% higher compared to the acetyl coverage at 10 bar. At differential reaction conditions, the MA pressure is negligible, and the rate expression [eqn (11) ] reduces to:
Thus, our results are in good agreement with the previous experimental studies, in which the DME carbonylation over mordenite was studied at differential reaction conditions. 19, 20 The rate expression [eqn (11) ] proposed here is, however, also able to describe the reaction rates at high DME conversions and product concentrations, which are interesting from an industrial point of view.
Conclusions
Our detailed DFT study of the DME carbonylation over mordenite shows that the reaction of CO with a surface methyl group, the rate-limiting step in the reaction, is faster in the side pocket than in the main channel. The difference between the energy barriers for the rate limiting step at these two sites compares very well to the difference in adsorption energies of ammonia, supporting the hypothesis that the adsorption energy of ammonia is a good activity descriptor in solid acid catalysis. Also, we demonstrate that the reaction of DME with a surface acetyl group, a reaction in which MA is formed and the methyl group is regenerated, is possible entirely within the side pocket and is not rate-limiting. We have thus identified a path, where the entire reaction occurs favorably on a single site within the side pocket. Additionally, we show that MA and AcOH adsorb stronger than DME and MeOH on the Brønsted acid sites in the main channel where deactivation is thought to be focused, 22, 25 which may help to explain why co-feeding of MA and AcOH inhibits the deactivation of mordenite during DME carbonylation. 50 In the side pocket, MA adsorbs on the Brønsted acid site with a similar strength as DME and MeOH. Consequently, the length of the initiation phase may depend of the MA pressure. Our experimental studies of the reaction kinetics are consistent with the theoretically determined mechanism and furthermore support the view that MA inhibits the reaction rate of MA synthesis. We hypothesize that this inhibition is due to sterical hinderance of the CO attack on the methyl groups within the side pockets. The kinetic model that we have developed for the steady-state phase of the reaction includes the effect of MA inhibition and provides a good description of the experimental data over a wide range of pressures and DME conversion levels.
Remaining challenges in a theoretical description of DME carbonylation
The Gibbs free energy diagram for the reaction (Fig. 11 ) indicates that there are still open questions concerning this reaction, as our current estimate of the entropic contribution makes the formation of MA from acetyl prohibitively difficult in the 8-MR, and since the available experimental data, if interpreted correctly, suggests the 8-MR as the focal point of the reaction. 26 However, it may also be added that this interpretation of the experimental data has been contested. 51 The present work represents a breakthrough in terms of identifying a site in the 8-MR where both steps of the reaction mechanism (carbonylation and reaction between acetyl and DME) can occur with favorable energetics (Fig. 4) , in agreement with the present interpretation of the experimental results. However, as noted, it is at present unclear, if the entropic contribution is prohibitive for the occurrence of the second step in the 8-MR. Molecular dynamics calculations could possibly yield a more accurate estimate of the entropies but this is outside the scope of our work.
In previous theoretical work the second step of the mechanism has been observed to occur with a prohibitively high Minimum Gibbs free energy path for formation of MA within the 12-MR on T1-O4 and the 8-MR on T3-O3 on mordenite (438 K, 10 bar CO, 0.2 bar DME, 0.02 bar MA). Reaction steps: 0: CO and DME in vacuum, methyl group on the zeolite; 1: acetyl carbocation, DME in vacuum and negatively charged zeolite; 2: acetyl group on zeolite, DME in vacuum; 3: CH 3 -MA cation and negatively charged zeolite; 4: MA in vacuum, methyl group on zeolite. Full line: reaction steps in the main channel (T1-O4); dotted line: reaction steps in the side pocket (T3-O3).
barrier in the 8-MR, even in terms of the energies before consideration of the entropic contributions. To harmonize this disparity between experiments and theory Boronat et al. instead hypothesized a mechanism mediated by water, which is always present in small amounts due to the inevitable coke forming side-reactions. 29 This would allow the MA formation to occur in the 8-MR by an easier reaction between acetyl and CH 3 OH: 
This mechanism would reconcile the disparities between theory and the interpretation of the experiments. Since the mechanism involves H-Z sites, also during the steady-state phase, this mechanism would also offer a straightforward explanation of the inhibition by MA from the strong adsorption of MA on H-Z sites ( Table 2 ). However, the very low concentrations of methanol leaving the reactor at steady-state and the observation of inhibition by water added to the feed are on the other hand arguments against this mechanism. 19, 20 A number of open questions thus remain for future theoretical and experimental studies of the DME carbonylation.
Appendix A
In this section we calculate the effectiveness factor for the catalyst particles used in this study. We only consider the effect of DME diffusion on the reaction rate because the concentration of CO, the other reactant, was very high in the reactant mixture in all experiments (at least 98 vol%). Consequently, the diffusion of CO is unlikely to be rate-limiting. The generalized Thiele modulus (φ) and the effectiveness factor (η) are calculated as described by Froment and Bischoff. 52 The effectiveness factor (η) is calculated as [eqn (A.1)]:
(A:1)
The generalized Thiele modulus (φ) for a spherical particle and a zero order reaction is calculated using equation [eqn (A.2)]:
where R is the particle radius, k is the pseudo zero order rate constant for conversion of DME (k = k 1 ·P CO,s ) under conditions with no MA present, ρ is the particle density, C DME,s and P CO,s are the concentration of DME and the partial pressure of CO at the particle surface (assumed the same as in the bulk), and D eff is the effective diffusivity, which is calculated as:
where D 12 is the binary diffusion coefficient, ϕ p is the particle porosity and τ is the tortuosity. D 12 for the diffusion of DME in CO is 2.29 × 10 −3 cm 2 s −1 (438 K, 100 bar), calculated using the method of Brokaw for polar gases and Lennard-Jones potentials. 53, 54 The parameter values used in the calculations are: particle radius R = 93.8 μm (mean of the sieve range used), rate constant k = k 1 ·P CO,s = 3.18 × 10 −6 mol g −1 s −1 (the highest rate constant, k 1 , in the kinetic model), the pressure of 100 bar (the highest reaction pressure), particle density ρ = 1.09 g cm −3 , concentration of DME c DME,s = 5.49 × 10 −5 mol cm −3 (2 bar, 438 K), porosity ϕ p = 0.36 and tortuosity τ = 5.6. 55 The generalized Thiele modulus and the effectiveness factor are 4.59 × 10 −3 and 1.00, respectively. Thus, the reaction is not limited by the diffusion. Table 5 Calculated frequencies of the reaction intermediates and transition states in formation of MA within the 12-MR on T1-O4 and the 8-MR on T3-O3 on mordenite. Reaction steps: 0: CO and DME in vacuum, methyl group on the zeolite; 1: acetyl carbocation, DME in vacuum and negatively charged zeolite; 2: acetyl group on zeolite, DME in vacuum; 3: CH 3 -MA cation and negatively charged zeolite; 4: MA in vacuum, methyl group on zeolite Reaction step T1-O4 T3-O3 cm −1 cm −1 0 CO(v) 2157 DME(v) 195, 252, 415, 900, 1082 195, 252, 415, 900, , 1143 195, 252, 415, 900, , 1153 195, 252, 415, 900, , 1172 195, 252, 415, 900, , 1243 195, 252, 415, 900, , 1439 195, 252, 415, 900, , 1460 195, 252, 415, 900, , 1468 195, 252, 415, 900, , 1472 195, 252, 415, 900, , 1481 195, 252, 415, 900, , 1494 195, 252, 415, 900, , 2927 195, 252, 415, 900, , 2940 195, 252, 415, 900, , 2976 195, 252, 415, 900, , 2980 195, 252, 415, 900, , 3075, 3077 CH 3 -Z 20, 107, 253, 654, 1137 195, 252, 415, 900, , 1155 195, 252, 415, 900, , 1451 195, 252, 415, 900, , 1466 195, 252, 415, 900, , 1491 195, 252, 415, 900, , 3030, 3115, 3158 60, 155, 283, 647, 1129 195, 252, 415, 900, , 1156 195, 252, 415, 900, , 1449 195, 252, 415, 900, , 1475 195, 252, 415, 900, , 1486 
